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Measurement site
n High speed line L2 between Brussels and Köln in Lincent (Belgium).
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Measurement site
n UIC60 rail: EIr = 6.45× 106 Nm2 and ρAr = 60 kg/m.
n Precast prestressed monoblock sleepers: msl = 300 kg,
m¯sl = msl/d = 500 kg/m with d = 0.6m.
n Pandrol E2039 rail fastening system.
n Pandrol medium stiff resilient rubber railpads type 5197 with
a thickness of 11 mm.
n Soft to medium stiff ballast layer (calibre 25/50, d = 0.35m).
n Sub-ballast porphyry layer (calibre 0/32, d = 0.60m).
n Improved soil layer (d = 1.00m).
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Measurement setup
n 1 force sensor.
n 10 sensors on the track.
n 16 sensors in the free field.
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Transfer functions
n 21 excitation points on the track
n 19 excitation points on the soil at 5.05m from the track
Train passages
n 63 IC-A passages (148 km/h to 211 km/h)
n 16 IC-O passages (104 km/h to 196 km/h)
n 15 Thalys passages (156 km/h to 293 km/h)
n 9 ICE passages (214 km/h to 242 km/h)
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Outline
1. Dynamic soil characteristics.
2. Free field transfer functions.
3. Track characteristics.
4. Track – free field transfer functions.
5. Free field response during train passage.
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Geophysical tests
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Spectral Analysis of Surface Waves
n 104 accelerometers are used
from 1 m to 104 m.
n Response due to 85 hammer
impacts is averaged to remove
background noise.
n Fundamental dispersion curve
between 15 and 70 Hz is clearly
visible.
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Shear wave velocity: frequency-wavenumber analysis
[Rix et al., JGGE, 2000; Lai et al., SDEE, 2002]
n Phase velocity CE
R
(ω) from peaks of the transfer function H˜Ezz(kr , ω) in the frequency-
wavenumber domain:
H˜Ezz(kr, ω) =
∫
∞
0
HˆEzz(r, ω)J0(krr)r dr (1)
n (a) Transfer function H˜Ezz(kr, ω), (b) phase velocity CER(ω), and (c) shear wave velocity profile::
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n Shear wave velocity profile (constrained optimization problem):
min
x
N∑
i=1
wi
∣∣∣∣CTR(x, ωi)− CER(ωi)
∣∣∣∣
2
(2)
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Material damping ratio: half-power bandwidth method [Badsar et al., GJI, 2010]
n Attenuation coefficient AE
R
(ω) from half-power bandwidth of the transfer function H˜Ezz(kr, ω):
AER(ω) =
∆kr(ω)
2
√
γ−2 − 1
(3)
with γ smaller than but close to 1 (γ = 1/√2 for half-power bandwidth).
n (a) Transfer function H˜Ezz(kr , ω), (b) attenuation curve, and (b) material damping ratio profile:
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n Material damping ratio profile (constrained optimization problem):
min
x
N∑
i=1
wi
∣∣∣∣ATR(x, ωi)−AER(ωi)
∣∣∣∣
2
(4)
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Material damping ratio: Arias intensity [Badsar, 2012]
n Arias intensity IEzz(r):
IEzz(r) =
pi
2g
∫
∞
0
a2z(r, t)dt (5)
n (a) Displacement uz(r, t), (b) Arias intensity IEzz(r) and (c) material damping ratio profile:
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n Material damping ratio profile (constrained optimization problem):
min
x
M∑
j=1
wj
∣∣∣∣ITzz(x, rj)− IEzz(rj)
∣∣∣∣
2
(6)
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Soil profile
n (a) Shear wave velocity (SASW), (b) dilatational wave velocity (seismic refraction) and (c) ma-
terial damping ratio profile (SASW).
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n Dynamic soil characteristics.
Layer h Cs Cp βs βp ρ
[m] [m/s] [m/s] [-] [-] [kg/m3]
1 1.4 128 286 0.044 0.044 1800⋆
2 2.7 176 286 0.038 0.038 1800⋆
3 ∞ 355 1667 0.037 0.037 1800⋆
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Stochastic analysis [Schevenels, 2007]
n Ten realizations of the posterior (a) shear wave velocity and (b) material damping ratio profile.
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n Corresponding (a) dispersion and (b) attenuation curves.
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Green’s functions
n (a) Green’s function log | ωu˜Gzz(kr, z = 0, ω) | as a function of ω and k¯r = krCs/ω = Cs/Cr,
(b) dispersion and (c) attenuation curve.
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n Magnitude of the Green’s displacement vector uˆGz (r, z, ω) for a unit harmonic point load at the
surface at (a) 50 Hz and (b) 100 Hz, and
(c) transfer functions at 8 m (solid line), 16 m (dashed line), 32 m (dashed-dotted line) and
64 m (dotted line) from the source.
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Green’s functions
n Transient response to an impulsive vertical point load at the surface for the site in Lincent at (a)
0.02 s, (b) 0.04 s, (c) 0.06 s and (d) 0.08 s.
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Measurement setup
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Track and model geometry
n Assumed geometry of the track in excavation at the site in Lincent.
y
15m
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z
n Cross section of the 2.5D soil model for the computation of the free field transfer function.
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Transfer functions (free field)
n (a) Time history and (b) frequency content of the impact force (first
hammer impact) on the foundation at x = 5.05m and y = 0m.
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n Time history of the free field acceleration (stacked for 100 hammer
impacts).
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Transfer functions (free field)
n Measured acceleration at line C (y = 0m) at (a) 6m, (b) 12m,
(c) 24m, and (d) 48m from the track center line stacked for 100
hammer impacts at the soil’s surface at x = 5.05m and y = 0m.
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Transfer function (free field)
n Predicted (grey line) and measured (black line) free field mobility
and 95 % confidence interval (grey patch) at line C (y = 0m) at
(a) 6m, (b) 12m, (c) 24m, and (d) 48m from the track center line
for a source point at the soil’s surface at x = 5.05m and y = 0m.
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Transfer function (free field)
n Predicted (grey line) and measured (black line) one-third octave
band free field mobility and 95 % confidence interval (grey patch)
at line C (y = 0m) at (a) 6m, (b) 12m, (c) 24m, and (d) 48m
from the track center line for a source point at the soil’s surface at
x = 5.05m and y = 0m.
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Stochastic analysis
n Predicted and measured response at (a) 4m, (b) 8m, (c) 16m, and (d) 32m from the founda-
tion.
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Track characteristics
n UIC60 rail: EIr = 6.45× 106 Nm2 and ρAr = 60 kg/m.
n Precast prestressed monoblock sleepers: msl = 300 kg,
m¯sl = msl/d = 500 kg/m with d = 0.6m.
n Pandrol E2039 rail fastening system.
n Pandrol medium stiff resilient rubber railpads type 5197 with a
thickness of 11 mm.
n Soft to medium stiff ballast layer (calibre 25/50, d = 0.35m).
n Sub-ballast porphyry layer (calibre 0/32, d = 0.60m).
n Improved soil layer (d = 1.00m).
n (a) Modulus and (b) phase of the predicted (grey line) and
measured (black line) rail receptance after updating the track
parameters.
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Track and subgrade characteristics
Rail Flexural stiffness (per rail) ErIr = 6.45 × 106 Nm2
Mass per length (per rail) ρrAr = 60.3 kg/m
Position of left rail xr1 = −0.7175m
Position of right rail xr2 = +0.7175m
Rail pad Stiffness k¯rp = 500 × 106 N/m2
Viscous damping c¯rp = 22.5 × 106 Ns/m2
Sleeper Mass per length m¯sl = 500 kg/m
Mass moment of inertia ρsl I¯t sl = 262.17 kgm
Length lsl = 2.50m
Ballast Height hb = 0.35m
Upper width wbu = 3.60m
Lower width wbl = 5.60m
Shear wave velocity Cs = 153.7m/s
Longitudinal wave velocity Cp = 307.4m/s
Shear damping ratio βs = 0.03
Longitudinal damping ratio βp = 0.03
Mass density ρb = 1700 kg/m
3
Subgrade Height hs = 1m
Width ws = 5.60m
Shear wave velocity Cs = 300m/s
Longitudinal wave velocity Cp = 600m/s
Shear damping ratio βs = 0.044
Longitudinal damping ratio βp = 0.044
Mass density ρb = 1854 kg/m
3
Excavation Height he = 1m
Upper width weu = 15m
Lower width wel = 14m
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Track models
n 2.5D coupled finite element – boundary element method [François et al., CMAME, 2010].
n Track (including subgrade): finite elements.
n Soil: boundary elements.
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Transfer functions (track – free field)
n (a) Time history and (b) frequency content of the impact force (first
hammer impact) on the edge of the sleeper.
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n Time history of the free field acceleration (stacked for 127 hammer
impacts).
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Transfer function (track – free field)
n Predicted (grey line) and measured (black line) track – free field
mobility and 95 % confidence interval (grey patch) at line C (y =
0m) at (a) 6m, (b) 12m, (c) 24m, and (d) 48m from the track
center line for an impact at the edge of the sleeper at x = 1.10m
and y = 0m.
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Transfer function (track – free field)
n Predicted (grey line) and measured (black line) one-third octave
band track – free field mobility and 95 % confidence interval (grey
region) at line C (y = 0m) at (a) 6m, (b) 12m, (c) 24m, and (d)
48m from the track center line for an impact at the edge of the
sleeper at x = 1.10m and y = 0m.
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Intercity-A (IC-A) train
Axles Lt Lb La Mt Ms Mu[-] [m] [m] [m] [kg] [kg] [kg]
1 locomotive HLE13 4 19.11 10.40 3.00 22500 19677 2823
11 central coaches HV I11 4 26.40 18.40 2.56 11610 10100 1500
1 side coach HV I11 BDx 4 26.40 18.40 2.56 11830 10286 1544
Thalys high speed train
Axles Lt Lb La Mt Ms Mu[-] [m] [m] [m] [kg] [kg] [kg]
2 locomotives 4 22.15 14.00 3.00 17000 14937 2027
2 side coaches 3 21.84 18.70 3.00 17000 14937 2027
3 central coaches 2 18.70 18.70 3.00 17000 14937 2027
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Track unevenness
n Track unevenness has been measured with the EM130 measurement coach.
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n The power spectral density (PSD) of the vertical rail unevenness has been fit in the range of
wavelengths between 3 and 10 m [Garg and Dukkipati, 1984]:
S˜uw/r (ky) = A
k2y2(k
2
y + k
2
y1)
k4y(k
2
y + k
2
y2)
(7)
with ky1 = 0.146 rad/m and ky2 = 0.817 rad/m.
n For an excitation between 3 Hz and 100 Hz and train speeds between 100 km/h and 300 km/h,
a range of wavelengths between 0.3 m and 30 m is required.
n The PSD of the measured unevenness is compared with the PSD of FRA class 1 (dark grey
line) and FRA class 6 (light grey line).
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Response due to moving loads: invariant media
z
x
y
x
x
′
n Time history of the response:
ui(y, t) =
na∑
k=1
∫ t
−∞
gk(τ)hzi(y − yk0 − vτ, t− τ)dτ (8)
n Frequency content of the response [Sheng et al., JSV, 1999; Metrikine and Popp, AAM, 2000;
Forrest and Hunt, JSV, 2006; Lombaert et al., SDEE 2000, JSV 2006, 2009]:
uˆi(y, ω) =
na∑
k=1
1
2pi
∫ +∞
−∞
gˆk(ω − kyv)h˜zi(ky , ω) exp [−iky(y − yk0)]dky (9)
=
na∑
k=1
1
2piv
∫ +∞
−∞
gˆk(ω˜)h˜zi
(
ω − ω˜
v
, ω
)
exp
[
−iω − ω˜
v
(y − yk0)
]
dω˜
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IC-A train passage at 198 km/h
n Frequency spectrum of the dynamic load at the first axle of (a) the locomotive and (b) the first
carriage.
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IC-A train passage at 198 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) rail velocity
at line C.
6 8 10 12 14 16 18
−0.05
−0.025
0
0.025
0.05
Time [s]
V
e
l
o
c
i
t
y
 
[
m
/
s
]
TRC
0 20 40 60 80 100
0
0.005
0.01
0.015
0.02
Frequency [Hz]
V
e
l
o
c
i
t
y
 
[
m
/
s
/
H
z
]
TRC
n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) vertical rail velocity at line C.
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IC-A train passage at 198 km/h
n Measured free field vertical vibration velocity.
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IC-A train passage at 198 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 6m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 6m from the track
center line.
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IC-A train passage at 198 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 12m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 12m from the track
center line.
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IC-A train passage at 198 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 24m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 24m from the track
center line.
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IC-A train passage at 198 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 48m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 48m from the track
center line.
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IC-A train passages
n Experimental (black line) and predicted (red line) vertical velocity
Lv at (a) 6 m, (b) 12 m, (c) 24 m and (d) 48 m due to the passage
of an IC-A train at a speed of 198 km/h and experimental vibration
velocity level for 15 IC-A passages with a speed from 191 km/h
to 200 km/h (grey lines).
(a) 8 16 31.5 63 125
40
50
60
70
80
90
100
1/3 octave band center frequency [Hz]
L
v
 
[
d
B
 
r
e
f
 
1
0
−
8
 
m
/
s
]
FF06C
(b) 8 16 31.5 63 125
40
50
60
70
80
90
100
1/3 octave band center frequency [Hz]
L
v
 
[
d
B
 
r
e
f
 
1
0
−
8
 
m
/
s
]
FF12C
(c) 8 16 31.5 63 125
40
50
60
70
80
90
100
1/3 octave band center frequency [Hz]
L
v
 
[
d
B
 
r
e
f
 
1
0
−
8
 
m
/
s
]
FF24C
(d) 8 16 31.5 63 125
40
50
60
70
80
90
100
1/3 octave band center frequency [Hz]
L
v
 
[
d
B
 
r
e
f
 
1
0
−
8
 
m
/
s
]
FF48C
FF12C
FF64C
FF48C
FF32C
FF24C
FF16C
FF06C
FF08C
Train passages
Measurement
program
Outline
Dynamic soil
characteristics
Free field transfer
functions
Track
characteristics
Track - free field
transfer functions
Train passages
Wenyuan lecture, Tongji University, Shanghai, China 8 November 2013 – 40/47
Thalys HST passage at 300 km/h
n Frequency spectrum of the dynamic load at the first axle.
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Thalys HST passage at 300 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) rail velocity
at line C.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) rail velocity at line C.
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Thalys HST passage at 300 km/h
n Measured free field vertical velocity.
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Thalys HST passage at 300 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 6m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 6m from the track
center line.
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Thalys HST passage at 300 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 12m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 12m from the track
center line.
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Thalys HST passage at 300 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 24m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 24m from the track
center line.
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Thalys HST passage at 300 km/h
n (a) Time history and (b) frequency content of the measured (black
line) and predicted (1 unevenness sample, grey line) free field
vertical velocity at line C at 48m from the track center line.
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n (a) Running RMS value and (b) one-third octave band RMS value
of the measured (black line) and predicted (10 unevenness sam-
ples, grey lines) free field velocity at line C at 48m from the track
center line.
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Thalys HST passages
n Experimental (black line) and predicted (red line) vibration veloc-
ity level Lv at (a) 6 m, (b) 12 m, (c) 24 m and (d) 48 m due to
the passage of a Thalys HST at a speed of 281 km/h and experi-
mental vibration velocity level for 5 Thalys passages with a speed
from 281 km/h to 293 km/h (grey lines).
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